Steinmann-Zwicky, M; Nöthiger, R. The hierarchical relation between X-chromosomes and autosomal sex determining genes in Drosophila. EMBO J. 1985, 4(1):163-166. Postprint available at: http://www.zora.unizh.ch Posted at the Zurich Open Repository and Archive, University of Zurich. http://www.zora.unizh.ch Originally published at: EMBO J. 1985, 4(1):163-166 The hierarchical relation between X-chromosomes and autosomal sex determining genes in Drosophila
Introduction
In Drosophila, sex is determined by the ratio of X-chromosomes (X) to sets of autosomes (A). An X:A ratio of 1.0 (XX; AA) results in female development, a ratio of 0.5 (X; AA) in male development. The Y-chromosome plays no role in sex determination. A mosaic of male and female structures is produced in triploid intersexes with a ratio of 0.67 (XX; AAA, triploid flies with only two X-chromosomes). These results led Bridges (1921 Bridges ( ,1925 to conclude that the X-chromosome carries female determinants whereas the autosomes harbor male determinants. He formulated his classical theory of genic balance to explain sex determination in Drosophila. Sex was visualized as a quantitative character with continuous variation, brought about by the balance between female and male determining genetic factors.
Later, a small number of autosomal genes were discovered that, when mutant, transform XX-flies into sterile pseudomales, e.g., transformer (tra; Sturtevant, 1945) , transformer-2 (tra-2; Watanabe, 1975) , or into intersexes, e.g., intersex (ix; Morgan et al., 1943) , double sex (dsx; Hildreth, 1965) . At the dsx-locus, there also exists a dominant allele, dsxD, that produces intersexes when heterozygous (X/X; dsxD/+), or pseudomales in combination with dsx (X/X; dsxD/dsx) (Duncan and Kaufman, 1975) . These autosomal genes play an important regulatory role in sex determination (Baker and Ridge, 1980 ; for review, see Baker and Belote, 1983) .
The question arises how addition of X-chromosome material, which carries female determinants, will affect the sexual phenotype of intersexes or pseudomales. Dobzhansky and Schultz (1934) tested the effects of various portions of the X-chromosome on sex determination in triploid intersexes (XX; AAA). When they added a duplication (Dp) of part of an X-chromosome (XX + Dp; AAA), the sexual development was shifted towards femaleness, whereas deleting part of an X-chromosome resulted in a shift towards maleness. The shift was proportional to the size of the duplication or deletion, and largely independent of the region of the X that was duplicated or deleted. The authors concluded that female determinants are scattered over the entire X-chromosome.
Our aim was to test whether large duplications of the X-chromosome could also feminize the sexual phenotype of diploid XX-flies that were mutant for one of the autosomal sex determining genes. A shift towards femaleness is expected if the X:A ratio, beside its regulatory effect on the sex determining genes ix, tra and dsx, can also directly influence the sexual differentiation genes, i.e., the genes that are involved in the differentiation of the sexual characters. Such a conclusion was reached by Sturtevant (1945) for Drosophila, and was also considered by Hodgkin (1983) for the nematode Caenorhabditis (see Results and Discussion). If, however, the X:A ratio is the primary genetic signal that regulates the autosomal sex-determining genes in a strictly hierarchical pathway, then duplications of the X-chromosome will have no feminizing effect on the sexual phenotype of flies that are mutant for ix, tra or dsx. As a test we constructed and analyzed flies that were mutant for one of the autosomal sexdetermining genes and had two X-chromosomes plus either a distal or a proximal half of an X-chromosome (Figure 1 ).
Results and Discussion
The results from the analysis of the genitalia are graphically presented in Figure 2 (see legend for explanation). We must point out that in Drosophila both sexes have a male and a female genital primordium of which normally only one differentiates genital structures whereas the other remains developmentally repressed (Nothiger et al., 1977; Schupbach et al., 1978) . In intersexual flies, both primordia develop to a certain extent so that one fly may display male and female genital structures (Epper, 1981; Epper and Nothiger, 1982) . The graph shows that addition of a proximal half (XP) or distal half (XD) of an X-chromosome had no feminizing effect in any of the tested genotypes. Rather, addition of half an X resulted in a reduction of female structures in all genotypes that cause intersexual development.
No effect was seen in pseudomales, tra/tra and dsxD/dsx, except that in the latter genotype the penis apparatus was slightly reduced when XP was added, and a rudimentary seventh tergite (T7) appeared when XD was added. The T7 is a structure that displays sexual dimorphism: it is absent in males and pseudomales, and is always present in females and Construction of flies being mutant at an autosomal sex-determining locus (ix, tra, dsx), and carrying 21/2 X chromosomes. The female parent had attached-X chromosomes (XX) and was heterozygous for ix, tra, or dsx (symbol mut) and a balancer chromosome (Bal). The male parent carried a reciprocal translocation between X and Y, T(X; Y)B26, plus a free Y, and was also heterozygous for a mutation at one of the autosomal sex determining loci (symbol mut). The translocation breaks the X chromosome at 9C, i.e., approximately in the middle of the euchromatin (Stewart and Merriam, 1975 (ix/ix, dsx/dsx, dsxD/ +) were laterally positioned ( Figure 3b ) as a fraction of a full set of normal male or female genitalia.
as in the controls ( Figure 3a) ; with XD they usually were coniles were thus characterized by the coordinates 0/1 (lower right ); pure males by 1/0 (upper left corner, a); intersexual flies in nected dorsally which may represent a female tendency ious proportions of male and female genitalia were differentiated ( Figure 3c ). The number of sex comb bristles was unaltered {here in between. Thus, each fly occupies a defined place within when XP was added, but was reduced with XD ( Figure   nate system. The values were assigned according to the size of 3d -f). Sturtevant (1945) described a single triplo-X animal genital structures shown in Figure 3 . For details of the evaluation that was homozygous for tra (XX/X; tra/tra). This b5ex comb refers to the basal row of bristles. In males and intersexes, this row is rotated relative to the transversal rows and its bristles are heavier and thicker than those in the transversal rows. n, number of forelegs.
had a stronger feminizing effect than 2X chromosomes. Contrary to this conclusion, we consider it more plausible that the aneuploid genotype per se causes developmental abnormalities which have no relation to sex. In support of our view is the observation that the reduction in sex comb bristles is accompanied by a parallel reduction of all bristles in the transversal rows of the basitarsus ( Table I ). Structures that were incompletely developed also appeared in XX/XD or XX/XP flies that carried wild-type alleles for all sex-determining genes and were thus pure females. Their vaginal plates were often reduced, spermathecae often missing, and anal plates fragmented. From our results we conclude that the addition of half an X-chromosome, XD or XP, had no feminizing effect on the sexual phenotype of flies that were mutant for any of the autosomal sex-determining genes. When, however, we added these same or even smaller pieces of X material to triploid intersexes (XX; AAA), we observed a strong feminizing effect. The genitalia and analia became entirely female; all flies with XD and most flies with XP had seven tergites and stemites which is characteristic of females; the sex combs, a male structure that is always present in XX; AAA flies, completely disappeared when XD pieces were added, and were only occasionally present (on seven out of 22 forelegs) when XP pieces were added (data not shown). As a general conclusion from our experiments we visualize the X:A ratio as the primary genetic signal that implements a specific activity at a small number of regulatory genes (ix, tra, tra-2, dsx) acting at a lower hierarchical level. The state of activity of these genes then determines and maintains the sexual pathway.
Here, we must point out an important difference between triploid intersexes and those intersexual phenotypes that are produced by ix or dsx. The triploid intersexes display a mosaic of purely male and female cells, similar to gynandromorphs (Dobzhansky and Bridges, 1928; Hannah-Alava and Stern, 1957; Stern, 1966) , whereas the mutants ix or dsx represent truly intermediate forms between maleness and femaleness, even at the cellular level (Roost et al., 1979; Baker and Ridge, 1980; Epper, 1981 (Baker and Ridge, 1980; Wieschaus and Nothiger, 1982) . They are homeotic in the sense that their state of activity selects one of two mutually exclusive developmental programs, just as the gene bithorax (bx) selects the metathoracic (when active) or the mesothoracic (when inactive) pathway (Lewis, 1978) . As an analogy to our experiments, let us consider the gene Polycomb (Pc) and the genes of the bithorax complex (BX-C) (Lewis, 1978) . Pc+ is a genetic signal, as is the X:A ratio; it acts to repress the BX-C genes in a segment-specific pattern. The state of activity of the BX-C genes determines the segmental identity, just as ix+, tra+, dsx+ determine the sexual pathway. A deletion for Pc results in the complete derepression of the entire BX-C so that all segments are identical and like the last abdominal segment. When some of the BX-C genes are mutant, however, then their mutant state, corresponding to the repressed state, determines the segment identity, even under conditions of complete derepression of the BX-C. Similarly, when a sex-determining gene is mutant, its mutant state determines the sexual phenotype, irrespective of the X:A signal. In regulatory pathways, the general rule is that the mutant state of the gene that is lowest in the hierarchy determines the developmental program.
and in the absence of mutations at any of the autosomal sex-determining loci, are weakly fertile females. The crosses described in Figure 1 produced, among others, the two desired genotypes and the control. The analysis consisted in a microscopical examination of sexually dimorphic structures, such as the basitarsus of the foreleg where the males carry a row of heavy thick bristles, the sex comb, and the terminal abdominal segments, especially the genitalia and analia where the sexual differences are most conspicuous. The cultures were grown on standard medium and kept at 25'C.
